Five spontaneous nitrofurantoin-resistant mutants (one each of Clostridium leptum, Clostridium paraputrificum, two other Clostridium spp. strains from the human intestinal microflora, and Clostridium perfringens ATCC 3626) were selected by growth on a nitrofurantoin-containing medium. All of the Clostridium wild-type and mutant strains produced nitroreductase, as was shown by the conversion of 4-nitrobenzoic acid to 4-aminobenzoic acid. High-performance liquid chromatography (HPLC) analysis of the mutants during incubation with 50 g of nitrofurantoin per ml showed the gradual disappearance of the nitrofurantoin peak. The nitrofurantoin peak also disappeared when cell-free supernatants instead of cultures of each of the resistant and wild-type bacteria were used, but it persisted if the cell-free supernatants had been inactivated by heat. At least two of the mutants converted nitrofurantoin to metabolites without antibacterial activity, as was shown by a bioassay with a nitrofurantoin-susceptible Bacillus sp. strain. Nitrofurantoin at a high concentration (50 g/ml) continued to exert some toxicity, even on the resistant strains, as was evident from the longer lag phases. This study indicates that Clostridium strains can develop resistance to nitrofurantoin while retaining the ability to produce nitroreductase; the mutants metabolized nitrofurantoin to compounds without antibacterial activity.
Nitrofurantoin, 1-[(5-nitrofurfurylidene)amino]hydantoin, is a synthetic antibacterial agent which is effective against most common gram-negative and gram-positive urinary tract pathogenic bacteria (6) . Although most of an ingested dose of nitrofurantoin is absorbed in the small intestine, 6 to 13% of this drug reaches the colon (27) . Bacteria resistant to nitrofurantoin have been found in the feces of both adults and children (3, 4, 13, 28) , and nitrofurantoin has been associated with increased risk of community-acquired, antibiotic-associated Clostridium difficile diarrhea (10) .
Nitro drugs are reduced by mammalian and microbial nitroreductases to free-radical metabolites with bactericidal activities (1, 15-17, 19, 22) . Although reduction of nitrofurantoin has been shown to occur in the ceca and colons of rats (2) , the specifics of the metabolism of this drug by bacteria from the human intestinal microflora are not known.
Bacteria from the human intestinal tract, especially Clostridium species, are involved in the activation and detoxification in vivo of ingested compounds, including nitro compounds, by metabolizing them to products which are either more toxic or less toxic than the parent compounds (23, 25) . Drugs can affect metabolic activities and the enzymatic potential of the gut microflora (7, 25) . Therefore, exposure of intestinal bacteria to antibiotics will affect metabolic activities, with potentially important consequences for health (25) , as can be extrapolated from the impact of antibiotic treatments in experimental animals. There are differences between animals treated with antibiotics and untreated animals regarding reabsorption and excretion of mutagenic environmental pollutants (18) , binding of environmental contaminants to macromolecules (29) , and enzymes associated with liver tumors induced by mutagenic compounds (12) .
Five nitroreductase-producing strains of Clostridium, a predominant genus of colonic bacteria (7) , were grown in the presence of nitrofurantoin to evaluate its effects on anaerobic bacteria from the human intestinal tract. Nitrofurantoin-resistant mutants of the strains were isolated, and their growth characteristics and nitroreductase activities were examined.
MATERIALS AND METHODS
Bacteria, media, and reagents. Clostridium perfringens ATCC 3626 was obtained from the American Type Culture Collection (Rockville, Md.). Clostridium paraputrificum NR1, Clostridium sp. strain NR8, Clostridium sp. strain NR9, and Clostridium leptum NP15 were isolated from human intestinal microflora (23) . Bacillus sp. strain PS was isolated from potato salad.
Cultures of anaerobes were maintained in prereduced, anaerobically sterilized (PRAS) meat broth (Carr-Scarborough Microbiological, Inc., Decatur, Ga.). Brain-heart infusion (BHI-PRAS) broth was from Carr-Scarborough. BHI broth and BHI agar, used for the growth of anaerobes, and Luria-Bertani (LB) broth, used for the aerobic growth of Bacillus sp. strain PS, were prepared from ingredients obtained from Difco Laboratories (Detroit, Mich.). Nitrofurantoin was from Sigma Chemical Co. (St. Louis, Mo.). All other chemicals were obtained from either Sigma or Aldrich Chemical Co. (Milwaukee, Wis.).
Isolation of mutants resistant to nitrofurantoin. MIC of nitrofurantoin was measured for different bacteria by a tube dilution method with 2, 4, 5, 6, 8, or 10 g of nitrofurantoin per ml of the BHI medium. Nitrofurantoin (10 g/ml), to which all of the bacteria were susceptible, was used to select the resistant mutants. Resistant colonies of each strain, which were produced spontaneously on BHI plates or broth containing 10 g of nitrofurantoin per ml, were transferred to BHI-PRAS broth, also containing 10 g of nitrofurantoin per ml, and incubated overnight at 37°C. The cultures were then transferred to BHI broth containing 25 or 50 g of nitrofurantoin per ml and incubated at 37°C overnight. Resistant mutants were grown in BHI broth containing 50 g of nitrofurantoin per ml.
Growth of resistant bacteria with various concentrations of nitrofurantoin. Resistant strains were grown for 20 h in BHI broth in the presence of 50 g of nitrofurantoin per ml. The next day, 200 l of each of the cultures was added to 5 ml of BHI-PRAS broth without nitrofurantoin or with 10, 20, or 50 g of nitrofurantoin per ml. The samples were harvested at various intervals. Growth was evaluated by measuring the absorbance at 600 nm (A 600 ) with a model E1 312E (Biotech Instruments, Winooski, Vt.) spectrophotometer.
HPLC analysis of the fate of nitrofurantoin incubated with bacteria. A single colony of each mutant was used to inoculate BHI-PRAS broth anaerobically. The cultures were then incubated overnight at 37°C. Nitrofurantoin (50 g/ml) was added anaerobically to each culture; samples removed at 0, 1, 3, 7, and 24 h were centrifuged and analyzed by high-performance liquid chromatography (HPLC). Noninoculated BHI-PRAS medium containing nitrofurantoin was incubated at 37°C as a control.
The HPLC system consisted of a model 600E pump and gradient controller and a model 996 photodiode array detector monitored at 200 to 400 nm (both from Waters Corp., Milford, Mass.), a model 7125 injector with a 20-l loop (Rheodyne, Cotati, Calif.), and a Prodigy (5-m particle size, octadecyl silane-3, 4.6 by 250 mm) column (Phenomenex, Torrance, Calif.). HPLC data were acquired and processed with Millennium 2010 Chromatography Manager software (version 2.1; Waters Corp.). Initially, 100% mobile phase I (95% H 2 O plus 5% acetonitrile, containing 2 g of ammonium acetate per liter) was maintained for 2 min after injection. The mobile phase was then changed over 30 min to 100% mobile phase II (20% H 2 O plus 80% acetonitrile, containing 2 g of ammonium acetate per liter) and was maintained for 5 min. The flow rate was 1 ml/min. Each HPLC analysis included a standard nitrofurantoin sample as a reference.
Assay of bacterial supernatants for metabolism of nitrofurantoin. Resistant strains were grown in the presence of 50 g of nitrofurantoin per ml of BHI broth at 37°C; wild-type strains were grown under the same conditions without nitrofurantoin. The cultures were centrifuged at 4,000 ϫ g for 30 min, and the supernatants were filtered through a degassed Acrodisc filter (HT Tuffryn membrane, 0.2-m pore size; Gelman Sciences, Ann Arbor, Mich.). The filtered supernatants were added to each of five sterile, degassed tubes. Two of the cultures were heated for 5 min in a boiling water bath. To one boiled culture and one control culture, 50 g of nitrofurantoin per ml was added and incubated for 20 h. The rest of the cultures were incubated at 37°C without further treatment. For zero time incubation, nitrofurantoin (50 g/ml) was added to one of the boiled cultures and to one control culture. One culture was left untreated. All samples were analyzed by HPLC as described above.
Bioassay for antibacterial activity of nitrofurantoin metabolites after incubation with bacteria. To assay for the antibacterial activities of nitrofurantoin residues after incubation with the mutants, the rate of growth of a nitrofurantoinsensitive Bacillus sp., strain PS, was monitored. The supernatants from wild-type and mutant Clostridium sp. strains, incubated overnight without nitrofurantoin and with 50 g of nitrofurantoin per ml, respectively, were used. The growth rates of Bacillus sp. strain PS in the presence and absence of nitrofurantoin and culture supernatants were compared. Bacillus sp. strain PS, which did not grow in media containing 50 g of nitrofurantoin per ml, was grown overnight on LB agar. The bacterial cells were suspended in sterile distilled water (2 ϫ 10 7 cells per ml). Fifty microliters of this suspension was added to 1 ml of BHI-PRAS broth, either with or without 50 g of nitrofurantoin, and also to filter-sterilized supernatants from either cultures of the wild-type (grown without nitrofurantoin) or nitrofurantoin-resistant Clostridium spp. strains that had been grown overnight with or without 50 g of nitrofurantoin per ml. Samples (0.1 ml each) were harvested at 3, 5, 7, and 24 h, and serial dilutions were plated on LB agar for colony counting after incubation at 37°C overnight.
Assay of nitroreductase activity. The nitroreductase activities in the cultures of resistant and parent strains were measured under anaerobic conditions in a glove box with anaerobic gas (85% N 2 -10% H 2 -5% CO 2 ). Each of the wild-type and nitrofurantoin-resistant strains was incubated at 37°C overnight in BHI medium in the absence or the presence of 50 g of nitrofurantoin per ml, respectively. 4-Nitrobenzoic acid (final concentration, 500 g/ml) was added anaerobically to each of the cultures. The cultures were incubated for 2 h at 37°C. The cells were pelleted by centrifugation at 4,000 ϫ g for 30 min, and the conversion of 4-nitrobenzoic acid to 4-aminobenzoic acid was assayed as previously described (23) . The amount of 4-aminobenzoic acid produced was measured by the A 540 . The cell density was measured by the A 600 .
The nitroreductase activities in the supernatants of overnight cultures of resistant and wild-type strains, grown in the presence or absence of nitrofurantoin, respectively, were also examined. Cells from overnight cultures were pelleted by centrifugation at 4,000 ϫ g for 30 min, and the supernatants were added to empty tubes that had been degassed with anaerobic gas. 4-Nitrobenzoic acid was added to the tubes which were incubated at 37°C for 1 h as described previously. Samples were centrifuged and then assayed for the presence of 4-aminobenzoic acid (23, 30) . The amount of 4-aminobenzoic acid produced was calculated from the A 540 , and protein was measured by the method of Lowry et al. (14) . The units of nitroreductase activity (the amount of enzyme necessary to produce 1 g of 4-aminobenzoic acid in 1 h at 37°C) were calculated for the cell density (A 600 ) in the bacterial cultures and for the protein in the bacterial supernatants (14) .
RESULTS
Susceptibilities of different strains of Clostridium species to nitrofurantoin. The MICs of nitrofurantoin for the different Clostridium species were as follows: Յ6 g/ml (C. perfringens ATCC 3626), Յ8 g/ml (C. paraputrificum NR1), Յ5 g/ml (Clostridium sp. strain NR8), Յ4 g/ml (Clostridium sp. strain NR9), and Յ2 g/ml (C. leptum NP15). Resistant bacterial colonies developed at a frequency of 10 Ϫ5 to 10 Ϫ7 for the different species on agar plates containing 10 g of nitrofurantoin per ml. These colonies subsequently developed resistance to higher concentrations of nitrofurantoin in BHI medium.
Effect of nitrofurantoin on the growth of resistant bacteria. The Clostridium spp. strains that grew for two subsequent passages in the presence of 50 g of nitrofurantoin per ml were considered resistant to nitrofurantoin. One mutant from each wild type was selected. The resistant bacteria were designated C. perfringens 3626NF, C. paraputrificum NR1NF, Clostridium sp. strain NR8NF, Clostridium sp. strain NR9NF, and C. leptum NP15NF.
The growth rates of resistant bacteria varied at different concentrations of nitrofurantoin. Figure 1 is representative of the growth of three resistant strains in the presence of different concentrations of nitrofurantoin. All three strains had longer lag phases in the presence of 50 g of nitrofurantoin per ml. C. perfringens 3626NF (Fig. 1A) and C. paraputrificum NR1NF (Fig. 1B ) also had lower cell densities in the presence of 50 g of nitrofurantoin per ml than in the absence of this drug (Fig.  1) .
Metabolism of nitrofurantoin by resistant bacteria. HPLC was used to monitor the metabolism of nitrofurantoin by the resistant strains. The concentration of nitrofurantoin, before and after incubation with medium, bacterial culture, or bacterial supernatant, was monitored at three different wavelengths corresponding to the UV max values of the nitrofurantoin. The results for 376 nm are presented in the figures because they show the highest sensitivities for nitrofurantoin. In the samples taken at zero time from the BHI medium and the bacterial cultures to which nitrofurantoin had been added and from the BHI medium incubated for 24 h with nitrofurantoin at 37°C, the nitrofurantoin peak eluted from the HPLC column at the time corresponding to the standard nitrofurantoin peak ( Fig.  2A ). After incubation of nitrofurantoin with the bacterial cultures, all five of the resistant mutants metabolized nitrofurantoin. Fig. 2B shows the HPLC profile after the overnight incubation of Clostridium sp. strain NR9NF in BHI-PRAS broth with 50 g of nitrofurantoin per ml; it is representative of chromatographic profiles observed after incubation of nitrofurantoin with the other resistant strains. In each case, the peak corresponding to the nitrofurantoin peak decreased with time and finally disappeared or nearly disappeared during incubation ( Fig. 3 ). However, no metabolites produced from nitrofurantoin could be definitely recognized from the chromatographic data.
When nitrofurantoin was incubated with cell-free supernatants from overnight cultures of the wild-type and mutant strains, the nitrofurantoin peak also disappeared and the HPLC pattern was similar to that for nitrofurantoin incubated with the bacterial cultures (Fig. 2B ). Boiling the supernatants before addition of nitrofurantoin, however, prevented the disappearance of the nitrofurantoin peak so that the HPLC profile was similar to that for incubation of nitrofurantoin with noninoculated media ( Fig. 2A) . 
Bactericidal activity of residual nitrofurantoin after incubation with nitrofurantoin-resistant mutants.
To assay for the antibacterial activities of nitrofurantoin residues after incubation with the mutants, the rate of growth of a nitrofurantoinsensitive Bacillus sp., strain PS, was monitored. In the presence of 50 g of nitrofurantoin per ml of BHI broth, the number of Bacillus sp. strain PS cells after 24 h had decreased from 1.45 ϫ 10 6 to 1.10 ϫ 10 6 per ml (Fig. 4A) , indicating the inhibition of the growth of this bacterium in the presence of nitrofurantoin. In contrast, in the absence of nitrofurantoin, the number of Bacillus sp. strain PS cells increased 64-fold from 1.84 ϫ 10 6 to 1.18 ϫ 10 8 per ml (Fig. 4A) .
When grown in the presence of the supernatants from resistant strains (with or without nitrofurantoin) or the parental strains of C. paraputrificum NR1 and Clostridium sp. NR9, the number of Bacillus sp. strain PS cells also increased (77-fold for C. paraputrificum NR1, 82-fold for resistant C. paraputrificum NR1NF with nitrofurantoin, 61-fold for Clostridium sp. strain NR9, 61.6-fold for Clostridium sp. strain NR9NF without nitrofurantoin, and 73-fold for resistant Clostridium sp. strain NR9NF with nitrofurantoin). These results indicate that C. paraputrificum NR1NF and Clostridium sp. strain NR9NF converted nitrofurantoin to compounds that did not inhibit the growth of Bacillus sp. strain PS (Fig. 4A) . The results were inconclusive for Clostridium sp. strain NR8NF, C. perfringens 3626NF, and C. leptum NP15NF with nitrofurantoin, because the parent strains (Clostridium sp. strain NR8, C. perfringens ATCC 3626, and C. leptum NP15) inhibited the Bacillus sp. strain PS even when no nitrofurantoin had been added to the medium (Fig. 4B ). There were no differences between the supernatants from parental strains and resistant strains which were not incubated with nitrofurantoin regarding support for the growth of Bacillus sp. strain PS. Since the results for both were similar, only the data from the parental strains are shown in Fig. 4 in addition to the data from the resistant strains with nitrofurantoin.
Nitroreductase activity of resistant and sensitive strains.
The nitroreductase activities in the supernatants of overnight cultures of resistant strains (incubated with nitrofurantoin) and wild-type strains (without nitrofurantoin) were shown by measuring the conversion of 4-nitrobenzoic acid to 4-aminobenzoic acid under anaerobic conditions. All 10 strains had nitroreductase activity after overnight incubation (Table 1) . 4-Aminobenzoic acid was produced during incubation of 4-nitrobenzoic acid with all of the wild-type and mutant bacteria, whether or not they had previously been grown in the presence of nitrofurantoin. All of the mutants showed higher nitroreductase activities than did the corresponding parental strains (Table 1) .
DISCUSSION
Antibiotic treatment has been associated with impaired fermentative activities (7) , altered metabolic processes in the colon (7) , and diarrhea (10) . Bacteria resistant to various antibiotics, including nitrofurantoin, have been isolated from human fecal samples (3, 4) , and there is concern for the transfer of antibiotic resistance genes to pathogenic bacteria through the cascade of resistance transfer between related species (8, 24) .
In this study, we have shown that nitroreductase-producing Clostridium species from human intestinal microflora were able to develop resistance to nitrofurantoin. Although nitrofurantoin-resistant mutants of several other genera of bacteria have been either developed in the laboratory or isolated from human fecal samples with a frequency of 1 to 2.3% (for Escherichia coli) (3, 4, 13, 21, 28) , this is the first study in which nitrofurantoin resistance has been reported in nitroreductaseproducing Clostridium sp. strains.
Nitrofurantoin was almost completely metabolized by the cells, the culture supernatants from all of the resistant mutants, and the supernatants from the parental strains, as shown by HPLC. The enzymes involved in this metabolic process were extracellular and heat labile. As in the study of Moreno et al. (19) with rat liver mitochondria, the metabolites produced during incubation of nitrofurantoin with the bacteria were presumably unstable and were not detected. Both C. paraputrificum NR1NF and Clostridium sp. strain NR9NF deactivated this drug, as was evident from the lack of antimicrobial activity of the supernatants against the nitrofurantoin-susceptible Bacillus sp. strain PS. This result indicates that the end products of nitrofurantoin metabolism by these strains no longer have any antimicrobial activity. It has been suggested that the end products of nitrofurantoin reduction by bacteria are biologically inactive (1, 15) ; we previously have shown that the directacting mutagenicity of 1-nitropyrene, 1,3-dinitropyrene, and 1,6-dinitropyrene is inactivated by incubation with these bacteria (23) .
The antibacterial activity of drugs containing nitro groups has been attributed to the conversion of these compounds by nitroreductases to toxic but unstable intermediates (1, (15) (16) (17) 22) . In this study, we detected nitroreductase activity in all of the Clostridium spp. strains, including both nitrofurantoin-sensitive and -resistant strains. Carlier et al. (5) observed differences between the reduction pathways of 5-nitroimidazole in susceptible and resistant strains of Bacteroides fragilis. Whereas in the susceptible strains nitroso radicals are formed, in the resistant strains amine derivatives are formed, preventing the formation of toxic forms of the drug (5) . We previously have shown by activity staining that only one nitroreductase isozyme is present in four of these bacteria and that they are able to produce amine derivatives from nitropyrenes and 4-nitrobenzoic acid (23) .
In addition to the toxic, unstable intermediates produced from nitrofurantoin by nitroreductase, mechanisms proposed to explain the toxicity of nitrofurantoin include the formation of intrastrand cross-links in DNA and the inhibition of protein synthesis (9, 16, 17, (19) (20) (21) (22) 26) . McOsker and Fitzpatrick (16) reported that nitrofurantoin has multiple sites of attack and multiple mechanisms of action, inhibiting protein synthesis by nonspecific reactions with both ribosomal protein and rRNA. They mentioned that nitrofurantoin has antibacterial activity against E. coli even in the absence of nitroreductase (16) .
Higher concentrations of nitrofurantoin (50 g/ml) increased the lag phase of nitrofurantoin-resistant Clostridium spp. and decreased the growth rates of one of the strains. This result is similar to results obtained by Hoffman et al. (11) , who observed that both the lag phase and maximum growth rate of a resistant strain of Helicobacter pylori were inhibited in a dose-dependent manner by metronidazole (11) .
In summary, we have obtained five nitrofurantoin-resistant mutants of Clostridium strains and shown that development of nitroreductase resistance in these strains was not due to a loss in nitroreductase activity. The nitrofurantoin was metabolized by a heat-labile extracellular fraction. At least two of the Clostridium strains converted nitrofurantoin to compounds that permitted the growth of nitrofurantoin-susceptible bacteria. 
